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This paper presents a compact graphene-based multi-input multi-output 
(MIMO) antenna for wireless communications operating in frequency band 
(0.1-10) THz. This work has been performed with four ports microstrip 
antennas based on 37x88 pm?, a silicon dioxide (Sioz) substrate and copper 
on the ground layer, with high isolation by a series of unit cells of graphene 


selected between adjacent patches to reduce the transmission coefficient and 

antenna size. Graphene's chemical potential will change by changing the 
Keywords: connected DC voltage, leading to bandwidth and resonant frequency 
variation. The simulation has a reflection coefficient is less than -10 dB at 
: . (4.5-10) THz of the frequency scale, mutual coupling (<-15 dB), and the 
Microstrip gain from (4.7-9) THz is (1.6-6.7254) dB. This paper aims to provide 
MIMO antenna wideband, efficient and reconfigurable with simple graphene-based MIMO 
Unit cell antenna for THz applications. 
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1. INTRODUCTION 

Graphene, a typical 2D material made from graphite, has attracted attention recently due to its 
unique properties. Applications of graphene include those in the thermal, mechanical, optical, medical, and 
electrical fields [1]. The antenna's surface conductivity can be tuned by applying an external electrical field to 
a graphene layer [2]. In addition, since the graphene's resistivity decreases rapidly with increasing 
electrostatic bias voltage, it is simple to control graphene-based antennas. Based on this property, a 
reconfigurable antenna with varied radiation patterns [3]. Graphene has greater environmental affinity 
and chemical stability than traditional metals. Graphene is ideally suited for use as a substitute for metal in 
the potential applications of future wireless communication systems, including antennas and attenuators [4]. 
The graphene plasmonic characteristic can make antennas and other devices smaller. Graphene devices, 
including antennas, absorbers, waveguides, polarizers, and filters, were developed for the optical, microwave, 
and terahertz regimes [5]. Graphene is utilized to produce high-performance antennas as radiating elements 
in antennas [6]. Due to the unique properties of graphene, it is also adjustable and exhibits greater radiation 
efficiency than metallic material [7]. 0.1 to 10 THz of the frequency range offers exceptional opportunities 
for sophisticated applications like wireless communications that offer data rates of hundreds of gigabits per 
second or terabits per second [8]. However, Terahertz wireless communication frequency spectrum faces 
challenges, such as attenuation, high absorptions, path loss and multipath fading [9]. Therefore, the MIMO 
system is an excellent choice to handle these issues due to its modified chemical potential, improving the 
wireless communication system's capacity and efficiency [10]. The central technology for 5G communication 
has been recognized as MIMO technology because it allows systems to reach peak data speeds and improve 


Journal homepage: http://beei.org 


2194 O ISSN: 2302-9285 


spectrum efficiency. Additionally, it provides a sizable capacity improvement over traditional SISO (single- 
input-single-output) systems. The MIMO antenna system is more resilient to fading channel and noise 
conditions than a SISO antenna system (for more realistic channel conditions) [11], [12]. Consequently, 
modern wireless applications necessitate a higher isolation level in compressed MIMO. Mutual coupling of 
less than -15 dB necessitates having enough spacing between the antennas, which can be calculated as /2 or, 
for even more excellent isolation, 1/4 of the frequency used. reducing the channel capacity loss (CCL), 
lowering the envelop correlation coefficient (ECC) and increasing diversity gain (DG) can be done by 
reducing the mutual coupling [13]. Due to the band gap in their frequency response, several unit cells, also 
known as metamaterial (MTM), are utilized to provide enhanced isolation between adjacent elements. The 
MTM band gaps have the potential to function as band-notch filters and eliminate the possibility of mutual 
coupling between adjacent antenna elements [14]. Geyikoglu et al. [15] presented a two-layer graphene 
monopole antenna designed for operating at 1.65 THz with dimensions 32x65 um? that is used for medical 
applications (cancer detection and treatment). Research by Rasheed and Abdulnabi [9] shows the toothed 
log-periodic antenna with bandwidth (7-10) THz and return loss is less than -10 dB. Alharbi and Sorathiya 
[16] show the micro-sized circular patch-shaped Yagi-like MIMO antenna placed on Polyimide substrate 
620x800 um? with a dual operating band and a minimum return loss of -26.59 dB. Nickpay et al. [17], 
display a wideband nanoribbon graphene-based antenna with double rectangular rings; the antenna has a 
minimum return loss of -24dB and average radiation efficiency of approximately 44%. Table 1 presents the 
comparative analysis of the proposed MIMO antenna with previously published results. 


Table 1. Comparative analysis of the proposed design and previously published articles 
Reference Type Frequency range (THz) Dimension (umxum) Gain(dB) Bandwidth (THz) Return loss (dB) 


[9] SISO 0.1-10 - 6.1 (7-10 )z < -10 
[15] SISO - (32x65) 8.52 (1.64-1.665) -28.7056 
[16] MIMO 1-30 (620x800) ~7 10.69 -26.59 
[17] SISO - - 2.45 - -24 
This work _ MIMO 0.1-10 (37x88) 6.725 (4.5 - >10) -44.563 


In this study, we proposed a graphene-based microstrip MIMO antenna with a wideband frequency 
scale and operating frequency that can be tuned by varying the chemical potential. With good performance, 
return loss, transmission coefficient, bandwidth, gain and directivity. The paper is summarised in; section 2 
shows the conductivity of graphene and the MIMO antenna design; section 3 presents the simulation results 
and discussion; and in section 4, the results of this research have been discussed. 


2. METHOD 
2.1. Graphene conductivity 

The two-dimensional structure describes graphene with excellent electrical characteristics. The 
material properties of graphene are dispersive, and their value can be modified by varying the frequency with 
other variables [18]. Graphene thickness is only one atom. The surface conductivity of single-layer graphene 
depends on its properties, such as relaxation time, frequency, and chemical potential [19]. The conductivity 
of Graphene can be described by a surface conductivity that is denoted by o (œw, pc, l, T) and which is 
calculated by using the Drude Forma [20]: 
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Where fy = (e / kg” +1)', @ is the angular frequency in rad/sec, e is the electron charge, y is the scattering 
rate in s—1, h is the reduced planck's constant, kg is the Boltzmann constant, T is the temperature in Kelvin and 
uc is the chemical potential in eV (which can be controlled by applying a bias voltage or by chemical doping). 
The Kubo formula is integral [21]. And it's simplified as represented in (2)-(4). The intra-band contribution 
causes the first term in (2), and the interband contribution causes the second term [22]. 


O = Ointer + Sintra (2) 
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At | THz, the intraband term predominates the graphene conductivity. The intraband conductivity 
real part is much higher than the imaginary part [23]. Above 1 THz, interband conductivity dominates, even 
though its real part is significantly lower than its imaginary part. However, both terms are considered when 
calculating graphene's surface impedance. As shown in the following equation, Vb is the applied voltage [5]: 


Zsa) ato) = Rs(V,) + j Xs(V») z 


2.2. Microstrip patch antenna 
2.2.1. The rectangular patch antenna 

As represented in Figure 1, the width (W) and length (L) of the rectangular patch microstrip antenna 
dimensions are shown in (6), (7) [24]: 


i’ (6) 
2f EZP 
L = Lepp 2AL (7) 
where 
Cc 
Leg f= aa (8) 
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Where AL the extension length, c is is the free-space velocity of the electromagnetic wave (3x108 m/s), fr is 
the resonant frequency, £reff is the effective dielectric constant of MSPA, h is the thickness of the substrate, 
and er is the dielectric constant. 


Microstrip Feed 


Patch 


Substrate 


Ground Plane rá 


Figure 1. Rectangular microstrip patch antenna 


2.2.2. The feed line 
The width (W+) is calculated by adjusting the expected characteristic impedance (Zc) as in (10) or (11) [25]: 


— 60, [8h | wh 
Zc =n oft oh (10) 


Where T <lor 
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Where “i 21, moreover, the feed line length (Ly) is shown in (12), (13) [26]: 


1 
Ly ==Ag (12) 
c 
e (13) 


Where A, is the wavelength 
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2.2.3. The ground plane 

The ground plane of the rectangular microstrip is made from a metallic material, and it functions 
similarly to a dipole antenna over a ground plane. It contributes to forming a radiation pattern in the forward 
direction; the fields terminate at the ground from the patch. can be calculated by using (14), (15) [27] : 


L;=Lx2 (14) 
W =W x2 (15) 


2.3. Graphene MIMO antenna design 

The geometry of the proposed design shown in Figure 2(a) has four patches of graphene thickness of 
0.001 nm and a relaxation time of 0.1 ps based on silicon dioxide (Sioz) substrate with a thickness of 10um 
with ¢,=3.9. The ground is made from copper, two-layer above the substrate with a thickness of lum of 
Alumina and silicon crystalline. The edge-to-edge distance between the radiating elements in the MIMO 
antenna is maintained at 0.13510 à (7 um). Figure 2(b) represents a single-uni cell design. A series of five- 
unit cells made of graphene, placed between adjacent patches to reduce mutual coupling and MIMO size, is 
used as a decoupling structure, and the 3D view of the graphene MIMO antenna is represented in Figure 2(c). 
Table 2 displays the optimal values of all dimensions of a proposed MIMO antenna design. 


ell 


(c) 


Figure 2. MIMO antenna design (a) front view, (b) zoomed unit cell, and (c) 3D view 


Table 2. The dimensions of the microstrip MIMO antenna 


Parameters Value (um) Parameters Value (um) 
Ws 88 al 5.3 
Ls 37 aw 4 
Lp 12 wm 5 
Wp 15 bl 4 
wf 3 bw 1.1 


3. RESULTS AND DISCUSSION 
Computer simulation technology (CST) Studio version 2020 was used to run graphene-based MIMO 
antenna simulation. The MTM unit cell used in this design has negative permittivity er and negative 
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permeability ur, shown in Figure 3(a), with the S parameter represented in Figure 3(b). The proposed antenna 
is illustrated for a wide range of chemical potential uc values from uc=0.lev to lev. Bandwidth and resonant 
frequency are modified with the variation of chemical potential uc. Figures 4(a), (b) and 5(a), (b) (in 
appendix) show the performance of the MIMO antenna with and without metamaterials. The mutual coupling 
between two radiating elements is diminished by inserting MTM unit cells between every two adjacent 
patches and reduced by 2 dB. At uc=lev, the operating bandwidth (4.5-10) THz, with a minimum return loss 
of -44.563 dB, is present in Figure 5(a) and the transmission coefficient (<-15), shown in Figure 5(b). The 
gain of the MIMO antenna (1.6-6.725) dB at (4.7-9) THz is illustrated in Figure 6. The operational 
bandwidth and the mutual coupling at different uc values are shown in Figures 7(a), (b) and 8(a), (b) (in 
appendix). MIMO antenna's radiation patterns at the frequency (5, 10) THz are displayed in Figures 9-10, 
respectively, showing the antenna's directivity increase by increasing the frequency in the operating band. 


Tables\1D Results\Extract Material Properties [Real Part] 
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dB 
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Frequency / THz 
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Figure 3. MTM unit cell performance (a) er and ur parameters and (b) S-parameter 
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S-Parameters [Magnitude in dB] 


Frequency / THz 


(a) 


S-Parameters [Magnitude in dB] 


Frequency / THz 


(b) 


Figure 4. MIMO performance at uc=lev without metamaterials (a) reflection coefficient and 
(b) transmission coefficient 
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Figure 6. MIMO antenna's gain at uc=lev 
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S-Parameters [Magnitude in dB] 


dB 


Frequency / THz 


(a) 


S-Parameters [Magnitude in dB] 


Freauency / THz 


(b) 


Figure 7. MIMO performance at uc=0.5ev (a) reflection coefficient and (b) transmission coefficient 


farfield (f=5) [1] 


Type 
Approximation 
Component 


Farfield 


enabled (kR >> 1) 


Abs 
Directivity 
5 THz 

-4,026 dB 
-4,484 dB 
6712 dBi 


Figure 9. MIMO antenna's radiation pattern at 5 THz 
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Figure 10. MIMO antenna's radiation pattern at 10 THz 


4. CONCLUSION 


This paper presents the design, analysis and simulation of a graphene-based MIMO antenna used in 
THz applications. This design operates at (4.5-10)THz, with a high degree of isolation (<-15) dB. The gain 
(1.6-6.725) dB with high directivity. The bandwidth, radiation pattern and resonance frequency scale are 
shifted by adjusting the applied DC voltage, so a reconfigurable MIMO antenna has resulted 


APPENDIX 
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Figure 5. MIMO performance at uc=lev with metamaterials (a) reflection coefficient and 
(b) transmission coefficient 
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Figure 8. MIMO performance at uc=0.7ev (a) reflection coefficient and (b) transmission coefficient 
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